INTRODUCTION
Iron gall ink is one of the most important inks in the history of western civilization, of a widespread use from the middle ages until the 20th century. Unfortunately, these inks induce degradation of paper, causing severe damage to numerous historical artefacts. As a result, 60-70% of Leonardo da Vinci's oeuvre shows signs of deterioration, Bach's scores are virtually falling apart, while numerous manuscripts by Galileo Galilei are completely illegible. The two main reasons for iron gall ink corrosion are acid hydrolysis and oxidation, which is catalysed by ferrous ions. 1 In contrast to acid hydrolysis, the oxidative decay of cellulose has not been extensively studied yet. 2, 3 Hydroperoxides, produced during oxidation of organic materials, are decomposed via the so-called Fenton reaction in the presence of catalytic transition metal ions. In the process, extremely reactive oxyradical species are formed. 4, 5 A cycle of reactions is started by reduction of Fe 3C by many organic compounds and superoxide anions, resulting in extensive oxidative damage. 3 The rate of production of oxyradical species depends on the content of Fe 2C ions and their accessibility, as well as on other factors, such as pH. 6 Determination of the concentration of Fe 2C in inks in historic documents is therefore relevant in assessing the potential risk of further oxidation of cellulose and in devising an effective stabilization treatment. Several methods are used to examine the total amount of iron and the Fe 2C /Fe 3C molar ratio in iron gall inks in historic manuscripts. With x-ray fluorescence (XRF) spectrometry and particle induced x-ray emission (PIXE), the spatial distribution of iron (and other metals) in the paper can be determined using a micro-beam and the scanning technique. 1,7 -14 These methods have been used for identification and differentiation of pigments and inks in manuscripts, but they give no information on the oxidation state of iron in the sample. Mössbauer spectroscopy has been used to investigate the Fe 2C /Fe 3C molar ratio in some iron gall inks. 15 -18 Its use, however, is limited due to experimental difficulties in obtaining a good signal from minute amounts of iron gall ink on tiny pieces of ancient manuscripts. Alternatively, this obstacle can be overcome by Fe K-edge XANES spectroscopy, which probes directly the average Fe valence state in the sample. At bright x-ray synchrotron radiation sources it can be applied to samples with very low iron content or, it can be used in combination with micro-focusing (µ-XANES), to provide information on the 2-D distribution of Fe 2C on parts of the manuscript. 19 -21 The method is limited only by the fact that too high flux density of the microfocused x-ray beam at synchrotron radiation sources can cause damage to the material 19 and partial photo-reduction of iron due to the high absorbed dose of ionizing radiation. 57 Fe Mössbauer experiments were performed in transmission geometry at room temperature using a constant acceleration spectrometer. The source was 57 Co in a Rh matrix. Velocity calibration and isomer shifts (IS) were given relative to an absorber of metallic iron at room temperature. Model samples were folded into 16 to 28 layers to achieve the necessary thickness for transmission measurements. Owing to the low concentration of iron and low recoilless probability, the measuring time per spectrum was between 7 and 14 days.
X-ray absorption spectra in the energy region of the Fe K-edge were measured at E4 beamline of HASYLAB synchrotron facility at DESY in Hamburg. The station provided a focused beam from an Au-coated torroidal mirror, with a focal spot of about 5 mm ð 1 mm on the sample. A pair of horizontal and vertical slits allowed additional reduction of the beam size on the sample down to about 1 mm ð 1 mm. The obtained information from the XANES spectra is thus averaged over the illuminated spot of the ink. A Si(111) double crystal monochromator was used with 1.5 eV resolution at the Fe K-edge (7112 eV). The resolution causes only a moderate broadening of the sharpest edge features with natural line width of the Fe K vacancy of 1.25 eV. Harmonics were effectively eliminated by a plane Au-coated mirror, and by a slight detuning of the second monochromator crystal, keeping the intensity at 60% of the rocking curve with the beam stabilization feedback control. The intensity of the monochromatic x-ray beam was measured by three consecutive ionization chambers filled with argon at respective pressures of 80 mbar, 380 mbar and 680 mbar. The absorption spectra were collected within the [ 250 eV to 900 eV] interval of the Fe K-edge. In the XANES region, equidistant energy steps of 0.3 eV were used.
The absorption spectra of the model iron gall inks prepared on paper were obtained in transmission mode. Stacks of ten to sixteen layers of the paper were used to get the attenuation (µd) of about 1 above the Fe K-edge, with the edge jump of about 0.2. The samples were mounted between the first and second ionization chamber. An integration time of 2 s/step was adopted in repeated runs to check the reproducibility of individual scans and to improve signal-to-noise ratio. Reference Fe samples were pressed from a homogenous mixture of the Fe compound and BN powder into self-supporting pellets with the total absorption thickness of about 1.5 above the Fe K-edge.
The absorption spectra of the iron gall ink on historic manuscripts were measured in transmission and fluorescence detection mode simultaneously. Samples were inserted between the first and second ionization cell and positioned at the angle of 45°relative to the beam direction. A seven pixel Si(Li) fluorescence detector, positioned at 90°relative to the beam direction, was used to measure the intensity of the Fe-K˛fluorescence radiation. The fluorescence spectra were obtained as the ratio of the fluorescence detector signal to the signal of the incident photon beam from the first ionization chamber with the integration time of 8 s/step. Absorption spectra in the transmission mode were collected in parallel. Three repetitions were taken to check the reproducibility of individual scans and to improve the signal-to-noise ratio. No evidence of Fe K-edge shifts in consecutive scans of gall ink samples were observed due to the absorbed dose of ionizing radiation.
Exact energy calibration was established with simultaneous absorption measurements on a 5 µm thick Fe metal foil placed between the second and the third ionization chamber in all experiments. Zero energy was taken at the first inflection point in the Fe metal spectrum (7112 eV), i.e. at the 1s ionization threshold in the Fe metal. Absolute energy reproducibility of the measured spectra was š0.1 eV or better.
The analysis of XANES spectra was performed with the IFEFFIT program package ATHENA. 32 The relative Kshell contribution in the absorption spectra measured in transmission detection mode was obtained by removing the extrapolated best-fit Victoreen function determined in the pre-edge region ( 250 to 50 eV). In the case of fluorescence spectra, the extrapolated best-fit linear function, determined in the same pre-edge region was removed. By conventional normalization, extrapolating the post-edge spline background, determined in the range from 100 to 900 eV, the Fe K-edge jump is set to 1.
22,32
The fluorescence spectra were corrected for the selfabsorption (SA) effect by a procedure implemented in ATHENA. 32 The effect is known to produce energy dependent reduction of XANES (and EXAFS) amplitude, more prominent in the case of the concentrated samples. 33, 34 Comparison of absorption spectra, measured simultaneously in transmission and fluorescence detection mode, showed that if SA effect in fluorescence spectra is not corrected, an apparent shift of the absorption edge in the order of a few tenths of eV to lower energies appears due to the edge profile deformation. After the SA correction, the fluorescence spectra were identical to those measured in transmission mode.
A similar systematic error may appear also in XANES spectra, measured in transmission detection mode, if the sample is not homogeneous (which is often the case in historic manuscripts). The leaking of the incident beam through the parts of the sample without ink results in amplitude reduction of the XANES signal 34 -36 and a consequent apparent shift of the absorption edge to lower energies. The effect is more pronounced in thicker samples. To avoid the effects of sample inhomogeneity, we carefully selected homogeneous ink spots on the handwritten letters and reduced the incident beam size accordingly.
RESULTS AND DISCUSSION
The information on the iron valence state in model iron gall inks IG-1, IG-2, IG-5 and IG-6 is obtained by Mössbauer spectroscopy (Fig. 2) Fig. 3 . The shift of the Fe K-edge to higher energies with increasing average Fe valence state is better visible in derivatives of the Fe K-edge profile (Fig. 4) , where the edge inflection point, which can be used as a marker of the energy position of the edge, appears as the tip of the peak in the derivative spectrum. A shift of about 4.5 eV is found between the spectra of the two-and three-valent iron sulphate in agreement with previous observations. For atoms with the nearest neighbours of the same chemical species, a linear relation between the edge shift and the valence state was established. 22 However, deviations from this empirical law were reported for compounds with different site symmetries of the investigated cation. 23, 24 The comparison of the edge shift in such cases is hindered since the different local environments of the cation result in different K-edge profiles and pre-edge lines (Figs 3, 4) . The effect of site symmetry is illustrated in Fig. 3 (Fig. 3) , both with octahedral coordination for Fe 2C cations, show only minor differences due to different local coordination geometries. The edge position is the same in both spectra. The XANES spectra of all model and historic iron gall ink samples (Figs 3 and 5) exhibit Fe K-edge profile, characteristic for octahedrally coordinated iron.
Although the shift of the Fe K-edge to higher energies with increasing average Fe valence state in the model gall inks (from IG-6 to IG-1) is clearly visible (Figs 3 and 4) to 34% š 4% from Mössbauer analysis. The difficulties to fit the Fe XANES profiles of iron gall inks using the sulphate models is not surprising since iron in manuscripts has a different chemical environment, which can be more complex than a mixture of the two sulphates. 21 Analysis shows that none of the Fe XANES spectra of standard Fe 3C compounds, presented in Fig. 3 An example of such a linear combination fit with IG-2 and FeSO 4 · 7H 2 O is shown in Fig. 6 as a Fe 3C reference for other OR samples, owing to the close similarity of their edge profiles, apart from the small valence shifts to lower energy (Fig. 5) . The results are summarized in Table 2 . The estimated accuracy in relative amount of Fe 2C is 2%, taking into account the uncertainty of the edge position, and the uncertainty of the parameters of the linear combination fit. Actually, changes in relative amount of Fe 2C of 1% can be detected by direct comparison of edge shifts in very close XANES spectra, which exhibit practically identical edge profiles. It is the absolute calibration that contributes another 1% to the overall uncertainty. The noise level in some fluorescence spectra of historic inks with relatively low iron content (OR-3, OR-5 and OR-6) is slightly larger than in the reference model iron gall inks. However, the signal-tonoise ratio is high enough, so that the uncertainty of the fit parameters in linear combination fits is not significantly increased. As explained above, there is no contribution from the systematic errors due to inhomogeneity of the sample in transmission detection mode or self-absorption in fluorescence detection mode, since both effects have been carefully eliminated. Similarly, there is no effect of photoreduction of iron during irradiation of the sample due to absorbed dose of ionizing radiation: it was avoided by the use of relatively low flux densities of the monochromatic x-ray beam. Special care should be given to avoid or compensate systematic experimental errors. Absolute energy calibration of measured XANES spectra with accuracy of š0.1 eV or better must be provided. Apparent shift of the Fe K absorption edge to lower energies and a consequent overestimation of Fe 2C fraction in the sample may appear because of inhomogeneity of the sample in transmission detection mode or self-absorption in fluorescence detection mode. In addition, extremely high x-ray beam flux densities on the sample, as obtained for example by a micro-focused SR beam in micro-XANES scans, should be avoided to prevent photo-reduction of iron during the irradiation.
CONCLUSION

